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Abstract

Observational and modeling studies have described the relationships between

convective/stratiform rain proportion and the vertical distributions of vertical motion, latent

heating, and moistening in mesoscale convective systems. Therefore, remote sensing techniques

which can quantify the relative areal proportion of convective and stratiform rainfall can provide

useful information regarding the dynamic and thermodynamic processes in these systems. In the

present study, two methods for deducing the convective/stratiform areal extent of precipitation

from satellite passive microwave radiometer measurements are combined to yield an improved

method. If sufficient microwave scattering by ice-phase precipitating hydrometeors is detected,

the method relies mainly on the degree of polarization in oblique-view, 85.5 GHz radiances to

estimate the area fraction of convective rain within the radiometer footprint. In situations where

ice scattering is minimal, the method draws mostly on texture information in radiometer imagery

at lower microwave frequencies to estimate the convective area fraction.

Based upon observations of 10 convective systems over ocean and 9 systems over land,

instantaneous, 0.5 o resolution estimates of convective area fraction from the Tropical Rainfall

Measuring Mission Microwave Imager (TRMM TMI) are compared to nearly coincident

estimates from the TRMM Precipitation Radar (TRMM PR). The TMI convective area fraction

estimates are slightly low-biased with respect to the PR, with TMI-PR correlations of 0.78 and

0.84 over ocean and land backgrounds, respectively. TMI monthly-average convective area

percentages in the tropics and subtropics from February 1998 exhibit the greatest values along

the ITCZ and in continental regions of the summer (southern) hemisphere. Although convective

area percentages.from the TMI are systematically lower than _th°se from the PR, monthly rain

patterns derived from the TMI and PR rain algorithms are very similar. TMI rain depths are

significantly higher than corresponding rain depths from the PR in the ITCZ, but are similar in

magnitude elsewhere.
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Introduction

Understandingthe complex interactionof convectivecloud systems and their environment

has been a major objective of meteorological research for many years. The vertical transports of

sensible heat, moisture, and momentum by clouds have a direct impact on environmental flow

fields, while larger-scale radiative and dynamical processes can change the stability

characteristics of the atmosphere, thereby enhancing or suppressing convective activity. The

larger-scale flow can also determine the organization of convection and the nature of the vertical

transports by convective-scale motions.

In numerical weather prediction models and general circulation models, which currently have

grid resolutions on the order of 100 km, convective processes are highly parameterized, and the

accuracy of simulations based upon these models depends upon an adequate representation of

cloud effects at sub-grid scale. A description of the mesoscale organization of convective

systems requires relatively high grid-resolution in numerical models, and even if such models are

available it is unclear whether or not the effects of organization on storm-scale transports can be

properly simulated.

Over the last half-century, several field campaigns have provided data needed for a better

understanding of convective systems and their effects. These campaigns have focussed

observations from surface instruments, rawinsondes, radar, and aircraft sensors over regions

spanning areas -100,000 km 2 and periods up to several months in order to gather information

pertaining to the microphysics, kinematics, organization, and environmental impact of

convective systems. Although much has been learned from these campaigns, a more large-scale,

long-term perspective can be gained through the use of satellite remote sensing of cloud

properties, especially over oceanic regions where long-term monitoring by other methods is

generally unfeasible. Such observations could be used to track climatological variations in



convectiveorganizationand transports,and provide a meansof validating cloud properties and

effects simulated by numerical prediction models.

The capability of satellite passive microwave sensors to provide quantitative precipitation

estimates is now well established (ref. Ebert et al. 1996; Smith et al. 1998). Passive microwave

rain estimates are possible because there is a fairly direct physical relationship between the path-

integrated water content of rain along the sensor line of sight and the upwelling radiances

measured by the sensor at frequencies less than about 40 GHz. Passive microwave observations

can be used to infer other cloud/precipitation properties such as ice-phase precipitation amount,

and they may be employed to describe the organization of convective systems. However, these

uses of the data have received much less attention.

Regarding organization, the basic structure of a convective system can be described by the

proportion and distribution of convective and stratiform rainfall within the system (Houze 1989).

Previous observational and modeling studies have established the relationships between

convective/stratiform rain proportion and the vertical distributions of vertical motion, latent

heating, and moistening in convective systems (e.g. Houze 1989; Sui et al. 1997; Tao et al.

1993). Therefore, microwave remote sensing techniques that yield the proportions of convective

and stratiform rainfall within a sensor footprint may ultimately provide useful information

regarding the dynamic and thermodynamic processes in these systems.

In the present study, two methods for determining the areal proportion of convective and

stratiform precipitation within a footprint of the TRMM Microwave Imager (TMI) are combined

to yield an improved technique that emphasizes the strengths of both methods. In Section 2, the

two methods and their merger are described. Applications of the combined method to TMI

observations of individual convective systems are presented in Section 3, including statistics of

intercomparisons with convective area estimates from the TRMM Precipitation Radar (PR).



Monthly estimatesof convectiveareaproportion over the tropics from both TMI and PR are

presentedin Section4. A summaryanddiscussionareincludedin Section5.

2. Methods

a. Texture-based Convective/Stratiform Area Fraction

It is commonly known (Zipser 1977; Leary and Houze 1979; and Houze 1993) that stratiform

precipitation regions are associated with the relatively weak updrafts or downdrafts while

convective regions are associated with more vigorous, turbulent updrafts. According to mass

continuity arguments, a change in vertical velocity must be associated with change in the

horizontal mass field. Thus, it is assumed that the substantial horizontal gradients of

precipitation (and likewise microwave radiances) are indicative of convective regions. The

texture-based method empirically relates the horizontal structure of radiances to the convective

area fraction within the TMI footprint.

Based on data from the TOGA COARE, Hong et al. (1999) tested several indices, derived

from passive microwave radiance measurements, for separating convective and stratiform rain

areas. In that study a convective/stratiform index (CSI) was developed that combined the local

maximum variation of radiance and magnitude of radiance from the 19 GHz, 37 GHz, and 85.5

GHz horizontal-polarization channels. Formally,

CSI, = VM37 h + 0.5. VM_9h + 0.25.(ZB_gh-ZBtgh_de_), (1)

csl, = + - 7"&,h), (2)

and

csl = (1 - ,,.,).c& + ,,.,.csl . (3)
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Here, TBvp and TBvp.cl_arare the microwave radiance and "background" clear-air radiance,

respectively, at frequency v and polarization p. The variable VM_p is the local maximum

variation with respect to any of the neighboring measurements. At 85.5 GHz, the local

maximum variation is defined as

max(TB85,, j - TBs._h), if greater than 0
J

VM85h = { (4)

0. otherwise,

while at 19.35 and 37.0 GHz, the local maximum variation is

max(TB_ - TB_,4) , if greater than 0

VM,,p = { (5)

O, otherwise.

In (4) and (5), the subscript j refers to any of the eight neighboring footprints surrounding the

footprint being analyzed. The local maximum variation is used here because the relatively low

resolution of the microwave radiance observations may smear emission or scattering gradients in

any particular direction.

Since convection is generally associated with heavy precipitation, the differential magnitude

of the radiance with respect to the background radiance is added to the CSI [third term on the

right-hand side of (1) and second term on the right-hand side of (2)]. The-addition of the

differential magnitude of the radiance to the CSIe and CSI, also minimizes the sensitivity of

maximum variation to data quality. Determination of the background clear-air radiances is

described in Hong et al. (1999). The final index, CSI, is a weighted sum of the emission and



scatteringindices; the weightingfactor w+ increases with the relative amount of scattering in the

microwave footprint.

,

l'l

TB85 h _ TB85h_clea r

TB8sh)/aOK, TBssh_c,_-S0K< TB85h <TBS,h_c,_= (6)

TB85 h < TB+sh_cle_ - 80 K.

Therefore, the variability of the 85.5 GHz ice-scattering signature mainly determines CSI when

significant ice is present, v,,hereas the variability of emission at both 19.35 and 37.0 GHz mainly

determine CSI when little ice is present.

Hong et al. (1999) demonstrated that mixed convective/stratiform rainfall areas and fluxes

increase gradually as resolution degrades. Over a 6 km x 6 km area, which is about the size of

the TMI's highest resolution footprints, the contribution to the total rain flux by mixed regions

(here defined as regions where convective rain covers 30 - 70% of the total area) was about

30%, based upon an analysis of TOGA COARE shipboard radar data. The contribution from

mixed precipitation increases to about 50% over 12 km x 12 km areas, comparable to the

footprint area of the highest-resolution SSM/I channels. Therefore, instead of classifying a TM1

footprint as either convective or stratiform, these authors related the index (3) to the area fraction

of convective rainfall within a footprint by matching the cumulative distributions of convective

area fractions derived from COARE shipboard radar data and synthesized TMI CSI

measurements. This probability matching approach was utilized since any small spatial

misregistration of the two datasets could lead to low correlations between the convective area

fraction and CSI. The resulting empirical relationship is well-approximated by

O, CSI < 30 K

fcs¢ = {I._33xI0-+.(CSI-30K), 30K<CSI<IO5K (7)

1. CSI>105K.



Readersare referred to Hong et al. (1999) for a moredetaileddescriptionof the texture-based

convective/stratiformseparationalgorithm.

b. Polarization-based Convective/Stratiform Area Fraction

An alternative formula for convective area fraction is suggested by the analyses of SSMfl

observations by Spencer et al. (1989) and Heymsfield and Fulton (1994a,b). These authors found

significant differences, on the order of 5 K or greater, between the vertically- and horizontally-

polarized 85.5 GHz radiances in stratiform rain regions over land, whereas regions of strong

convection were nearly unpolarized at 85.5 GHz. Although the physical basis of these

polarization differences has not been verified, the aforementioned authors hypothesized that

precipitation-sized ice particles such as snow or aggregates would tend to become oriented as

they fall through the relatively weak updrafts or downdrafts of stratiform rain regions, resulting

in preferential scattering in the horizontal polarization. The more vigorous, turbulent updrafts of

convective regions would cause ice hydrometeors to lose any preferred orientation, leading to

similar scattering signatures in both polarizations.

More recently, Turk and Vivekanandan (1995), Petty and Turk (1996), and Schols et al.

(1997) performed microwave radiative transfer calculations through clouds of oriented,

aspherical ice hydrometeors and found polarization differences exceeding 5 K, supporting the

earlier hypothesis. In Olson et al. (1999) the approximately inverse relationship between 85.5

GHz polarization difference and convective fraction was utilized to constrain retrievals of

precipitation and latent heating from Special Sensor Microwave Imager (SSM/I) observations.

In the present study, a somewhat different ana]ysis of 85.5 GHz polarization data is utilized to

infer the convective area fraction within the TMI footprint.

A plot of the TMI observed 85.5 GHz polarization difference versus the average of the 85.5

GHz radiances is presented in Fig. 1. These observations are derived TMI overpasses of 10



organizedconvectivesystemsoverocean(Fig. la) and9 convectivesystemsover land(Fig. lb),

sampledfrom the first two yearsof the TRMM mission. Overlaid on theseobse_'ationsare

radiative transfermodel simulated85.5GHz polarizationdifferencesand averageradiancesfor

atmospherescontaining layers of rain, cloud, and ice precipitation. The model atmosphereis

characterized by tropical profiles of temperature and water vapor, and a layer of non-

precipitatingcloud liquid waterwith awatercontentof 0.5g m3 is assumedbetween1and6 km

altitude. Embeddedin this atmosphereis auniform rain layerbetweenthe surfaceand4 km, in

which theequivalentrain rate is variedfrom 0 to 50mm h_. For eachrain rate,the thicknessof

a capping graupel layer is varied between0 and 8 km, and the equivalent water content of

graupelwithin the layer is assumedto beequalto therainwatercontent. Raindropsareassumed

to be oblate spheroidal,with the oblatenessincreasingwith drop equivalent volume diameter.

Graupel particles areconical in shape,with a constantdensity of 0.6 g cmk Both rain and

graupelareoriented suchthat the long axesof the particlesareparallel to the earth's surface.

Calculationsof the upwelling radiancesat 53.4° incidence(closeto the 52.8° incidenceangleof

the TMI) areperformed using a polarized multistream radiative transfermethod (Evansand

Stephens, 1991). Since the earth's surface is entirely obscuredby the rain-free model

atmosphere at 85.5 GHz, only over-ocean radiative calculations are considered in the

intercomparisons of Fig 1. Details of the radiative modeling can be found in Turk and

Vivekenandan(1995)andPettyandTurk (1996).

Note fi/'st in Fig. la the relatively large polarizationdifferencesgreaterthan20 K that are

characteristicof the observedcloud-freeregionsover the ocean.Thesepolarizationdifferences

aredueto the highly polarizedemissionfrom theoceansurfacethat is only partially absorbedby

water vapor in a clear atmosphere. Clouds in the atmospherestrongly absorbthe polarized

surfaceemission, and thermal emission from theseparticles raises the observedupwelling

radiancesat 85.5GHz. The transitionfrom cloud-freeto cloudy atmospherescreatesthenearly
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vertical branchof datapointscorrespondingto average85.5GHz radiancesgreaterthan230 K in

Fig. I a.

•A cloud liquid water path exceeding2.5 kg m: renders the cloudy atmospherealmost

completelyabsorbing,and nearlyunpolarizedblackbodycloud emissioncloseto thecloud-top

temperatureat thefreezing level (273 K) is observed. This limit is confirmed by the radiative

transfermodelcalculations,which indicateamaximumaverageradianceof 272.5K with a0.I K

polarizationdifferencefor anatmospherecontainingonly non-precipitatingcloud.

In precipitatingclouds,weakmicrowavescatteringby raindropsandstrongscatteringby

precipitation-sized ice particles reducesthe upwelling radiance by diverting the upwelling

emissionfrom lower levels. Note the congregationof observationsalong an approximate45°

diagonalline in Fig. l a, indicating increasing85.5GHz polarizationdifferencewith decreasing

average85.5 GHz radiance. Theseobservationsgenerally correspondto stratiform areasin

mesoscaleconvectivesystems.An empirical linear fit to these"purely stratiform" observations

is indicatedin the figure. Also in Fig. 1a, the radiativetransfermodel simulationsincorporating

oriented ice hydrometeorsexhibit a similar trend, with polarization generally increasingwith

decreasingaverageradiance. As the scatteringby ice precipitation becomesvery strong,with

radiancesfalling below 160K, the polarization at 85.5GHz levels off and thendecreases.The

TMI observationssuggestthat thesemodeledcombinationsof very low averageradiancesand

large polarizationdifferencesdo not occurnaturally, likely becausethe largeconcentrationsof

ice precipitationrequiredcanonly besupportedby strong,convectiveupdrafts.

By contrast,radiative transfer simulations basedupon atmospherescontaining randomly

orientediceparticlesyield nearlyunpolarizedradiancesat 85.5GHz (ref. Haferman,2000). This

limiting case is represented by the zero-polarization "purely convective" line in Fig. la. If it is

assumed that the TMI footprints at 85.5 GHz are essentially filled with precipitation, but contain

different proportions of convective and stratiform rain, then a combination of the strongly
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polarized "purely stratitbrm" model radiancesand the nearly unpolarized "purely convective"

model radianceswithin eachTMI footprint could explain the scatterof observed85.5 GHz

polarizationdifferencesand averageradiancesthat fall betweentheselimits. The clusteringof

observations near the "purely stratiform" model curve is due to the greater frequency of

occurrenceof stratiform rain that alsotendsto fill the TMI 85.5GHz footprints. Smaller-scale

convectiveelementsoccur less frequentlyand are often mixed with stratiform rain within the

sensor'sfield of view.

It is evident from Fig. lb that over land, the polarizationof 85.5GHz radiancesin rain-free

areasis quite low, but therelationshipbetweenpolarizationdifferencesand average85.5GHz

radiancesin precipitatingareasis similar to that observedoverocean.

If it is assumedthatTMI 85.5GHzpolarizationdifferencesin purely convectiveregionsare

essentiallyzero,andthattheyfollow aquasi-linearrelationshipwith average85.5GHz radiances

in stratiform regions,thenanestimateof theconvectiveareafraction within thesensorfootprint

is givenby

0_

f

= _ 1 POLf, oL
[ POL,,r,, '

,

POL > POL_,r_,

POL,,r, . >__POL > 0

POL<O,

(8)

where

and

POL = TBs5 _ - TB_5h ,

t + rR,, ]POL ,,_, = a ....
' 2

+b.

(9)

(10)
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In the empirical linear relationshiprelating the polarizationdifferenceto the average85.5GHz

radiancein stratiform regions,the constantsa (-0.192) and b (52.4 K) have been adjusted to

obtain a best fit with the cluster of TMI observations. Here the broad assumption is that the

footprint is completely filled with rain, such that the polarized (nearly unpolarized) emission

from the ocean (land) background does not contribute significantly to the total observed

radiance. Given the oblique viewing angle of the TMI (52.8 ° angle of incidence) and the

relatively small footprint of the 85.5 GHz channels (4 km x 7 kin), this is not too unreasonable an

assumption.

c. Merger of Techniques

Figs. 2 and 3 illustrate the strengths and weakness of the texture-based (fcs_) and polarization-

based (fPoL) methods for estimating the area fraction of convection within a TMI footprint. In

Fig. 2, a tropicalconvective system near the Cape Verde Islands is observed by the TMI, and the

texture- and polarization-based convective fractions are displayed in Fig. 2a and 2b, respectively.

For comparison, TMI-observed 85.5 GHz radiances are shown in Fig. 2c, and area fractions

of convection based upon TRMM Precipitation Radar (PR) data using the algorithm of Awaka et

al. (1998) are presented in Fig. 2d. The Awaka algorithm distinguishes convective and

stratiform rain regions by examining the texture of the higher-resolution PR reflectivity data in

both the vertical and horizontal directions. The vertical PR profile is examined to determine

whether or not a bright band of reflectivity, normally associated with stratiform precipitation, is

present. In the horizontal, the reflectivities in adjacent PR footprints are analyzed using a

modified version of the method of Steiner et al. (1995) to identify convective centers. The

vertical and horizontal analyses are combined to classify each PR footprint as convective,

stratiforrn, or indeterminate. Since the PR data resolve precipitation spatial structure at a higher
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vertical resolution (0.25 km) and horizontal resolution (4.4 km) than the TMI data, the PR

convective/stratiformclassificationis consideredto beareliablereferencein thepresentstudy.

In order to more directly comparethe relatively high resolution PR convective/stratiform

classificationto convectiveareafractionestimatesfrom theTMI, aweightedaverageof thePR-

classifiedfootprintsin the'neighborhoodof a givenTMI footprint is performed. Following Hong

et al. (1999),a PRconvectiveareafraction is definedby

feR = Zgj.PRcsj/_gj,j (11)

where

convective PR classification

PRcs_ = { (12)

0, otherwise

is based upon the Awaka et al. (1998) PR classification, and

gj = exp[-ln(2)r_/ro" ] (13)

is a gaussian weighting factor. Here, rj is the distance in km between a PR footprint, indexed by

j, and the specified TMI footprint, and the summation in (I 1) is over all PR footprints within

2.5ro of the TMI footprint. A value of ro equal to 3.5 km leads to a PR convective area fraction

estimate that is comparable in resolution to the TMI estimate.

In Fig. 2. note that in regions of strong scattering at 85.5 GHz (radiance depressions in Fig.

2c), both the texure- and polarization-based TMI methods identify the convective bands
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associatedwith the tropicalsystem,asdepictedin thePRclassification(Fig. 2d). However,the

weakerbandsnear 15N,28W,andnear14N,30W producelessice scattering,andthesearemore

clearly depictedby the texture-basedmethod. In this case,local maxima of emissionat 19.35

and 37 GHz [see(1)] help to identify thesebands,whereasthe polarization of the weakly

scatteredradiancesprovideslittle information.

The imagery of Fig_3 is from an overpassof HurricaneFloyd in the westernAtlantic on

September13, 1999. In the PR classification of Fig. 3d, convection in the eyewall of Floyd

forms a completering aroundthe eyenear24N, 71W. The ring hasa slightly greaterwidth on

the northwestside of theeyewall. Both the texture-andpolarization-basedmethodsin Fig. 3a

andb, respectively,indicateconvectionsurroundingtheeye,with a greaterconvectivefractions

on thenorthwestsideof theeyewall. Thehurricanerainbandsto the eastof theeyearestrongly

patchedwith convectionin the PRclassification,while thebandsto the west aredominatedby

stratiform precipitation. This spatialvariation is alsoseenin the polarization-basedestimatesof

convectivefraction; however, the texture-basedmethodshowsmore limited convection to the

eastandsomeweakbut extendedconvectivebandsto thewest. It appearsthat thetexture-based

methodis responsiveto theintensityandspatialvariationsof 85.5GHz scatteringsignatures(see

Fig. 3c) that do not alwayscorrespondto the presenceof convection. Here, the polarization-

basedmethod provides a more realistic overall depiction of the distribution of convection in

Floyd, although noise and scan-to-scangain jumps in the TMI 85.5 GHz data lead to some

artifacts.

To takeadvantageof therelativestrengthsof thetexture-andpolarization-basedmethodsfor

estimatingconvective areafraction, the estimatesfrom eachmethod are combinedin inverse

proportion to the expectederror varianceof each at a given location. This is the minimum

varianceestimateasdescribedby Daley(1991). An estimateof theerror varianceof thetexture-

basedconvectivefraction is baseduponintercomparisonsof TMI-basedconvectivefractionsand
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coincident ground-basedradar observationsfrom TOGA COARE. These intercomparisons

indicate greater uncertainty in convective fraction estimateswhen there is a mixture of

convectiveandstratiform precipitationwithin theradiometerfootprint, whereasin themiddleof

largely convectiveor stratiform regions, the uncertainty is less. An empirical fit to the error

varianceof theconvectiveareafractionasa functionof CSI is given by

varcu = vo + v I .CSI + v2 .CSI 2 , (14)

where vo, vl, and v2 are 0.246653, 6.667 x 10 3, and ---4.762 x 105, respectively.

The error of the polarization-based convective fraction estimate is primarily a function of the

85.5 GHz scattering depression. For a very small scattering depression, the expected

polarization difference in stratiform rain areas becomes very small, and by (8), the error variance

of the convective fraction estimate is inversely proportional to the square of the "stratiform"

polarization.

varpoL [2POL_'rat+{(a'POL)2/2}] "varTB85
= + vat: (15)

POL_,ra,

Here, varT885 is the variance of noise in the TMI 85.5 GHz radiance measurements (assumed to

be 1 K2), and var: is the error variance in the estimate of area convective fraction from the

polarization method in the absence of noise (estimated to be 0. I).

The combined estimate of convective area fraction within a TMI footprint is given by

:co. = (:cs,/,'arcs,)+(: oL/var oL)
(1/,'<.'<S,)+

(16)
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d. Modification for Over-Land Applications

In applications of the convective area fraction method over land or coastal regions, the

interpretation of CSI_ is ambiguous, since local variations of emission are usually

indistinguishable from the relatively strong background surface emission. Therefore, although

(13) is formally applied over all surfaces, over land and coastal regions the weight w s in (6) is set

equal to I; i.e., the texture-based convective area fraction estimate is only a function of the

scattering index, CSI,.

3. Applications to TRMM TMI Observations

a. Signatures of Convective Area Fraction in TMI Observations

Prior to performing direct comparisons of the TMI merged algorithm convective .area fraction

against similar estimates from the PR, the scattering and polarization signatures of convective

area fraction are examined. Plotted in Fig. 4a and b are the PR mean convective area fractions

corresponding to pairs of 85.5 GHz average radiance (abscissa) and polarization difference

(ordinate) over ocean and land backgrounds, respectively. The plots are derived from the same

sets of TMI observations shown in Fig. l a and b, which have been collocated with nearly

coincident PR observations. For comparison, the "purely stratiform" and "purely convective"

lines from the polarization-based convective area fraction method are superimposed on the data.

Note that there is a clear trend of increasing convective area fraction, deduced from the PR,

with distance perpendicular to the "purely stratiform" line of the polarization-based method over

either background. However, over land there is also a trend of increasing convective area

fraction with decreasing_ average 85.5 GHz radiance for values of convective fraction greater

than 0.5. These two trends suggest that the relationship between convective area fraction and

85.5 GHz radiance is indeed more complex than the graphical polarization-based technique
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representedby (8), andthat thequantificationof the85.5GHz scatteringsignaturein (2) should

helpto improveestimatesof convectiveareafraction.

b. TMI-PR Convective Area Fraction bltercomparisons

In Fig. 5, applications of the combined texture-polarization method for convective area

fraction, (16), to TMI observations of precipitation systems over ocean (right panels) are

compared to nearly coincident PR convective fraction estimates (left panels) from (11). In

general, there is a fairly reasonable correlation between convective fraction estimates in the

relatively large-scale convective bands. Due to the higher resolution and finer sampling of the

PR, smaller-scale convective features and isolated convective elements are sometimes detected

by the PR and not by the TMI. For example, convection near 17.5N, 139.5E in panel 5b, and

near 26N, 91W in panel 5f is identified using the PR method, but convection in the

corresponding TMI images is either weak or non-existent.

The TMI and PR convective area fractions over land in Fig. 6 are also reasonably correlated,

even though information from the texture of microwave emission signatures (1) is not available

in the combined texture-polarization TMI method. The lack of emission information may not be

as critical a factor over land, where there is a greater probability that precipitation-sized ice

particles are produced in convective regions due to generally greater atmospheric instability and

stronger updrafts. Also for this reason, isolated convection may be more easily detected by the

TMI over land; e.g., convective cells near IN, 67W in Fig. 6c and 6d. Over both ocean and land,

noise and gain jumps in the 85.5 GHz observations can lead to false convective signatures in the

TMI method. For example, the TMI falsely identifies convection along a scan line near 33N,

83W in Fig. 6a, where no convection is found in the PR data (Fig 6b).

Collocated TMI and PR convective area fraction estimates from the I0 convective systems

over ocean and 9 convective systems over land (see Figs. 1 and 4) are plotted in Fig. 7a and 7b,
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respectively.Note that theseestimatesarespatiallyaveragedover0.5° x 0.5° boxesto minimize

data geolocation errors. Bivariate statistics of the collocated, box-averagedestimates are

presentedin Table 1. Although thereis scatterin theplottedestimateseitheroveroceanor land,

thereis also anobviouscorrelation betweentheestimates.The correlationcoefficient between

the TMI andPR estimatesis 0.78 over oceanicregionsand 0.84over land backgrounds. The

TMI convectivefractionestimatesaresystematicallylower than thePRestimates,with a biasof

-0.02 over oceanor land. The standarddeviation of the differencesbetweentheTMI and PR

estimatesare0.06 and 0.07 over oceanand land, respectively. Note that thesestatistics are

somewhatskewedby the relatively large numberof low convectivefraction estimates. For

example,basedupon the PR algorithm the meanconvectivefraction over oceanis only 0.05.

From Fig. 7, it appears that both the bias and standard deviation of differences increase with

increasing convective area fraction.

4. Monthly-Mean Estimates of Convective Area Proportion

In addition to instantaneous TMI-PR comparisons, large-scale distributions of convective

area fraction are compared for the month of February, 1988. Instantaneous, convective area

fraction estimates from the TMI and PR are averaged in 5" x 5 ° boxes over the month. Note

that these convective fraction estimates represent the ratio of the convective area to the total area

observed by the sensors, rather than the ratio of the convective area to the raining area. This

definition enables a direct comparison of convective area estimates without ambiguities

introduced by differing estimates of the raining area from TMI and PR. The distributions of

mean convective area percentage from the TMI and PR are displayed in the first two panels of

Fig. 8. For comparison, monthly rain depths derived from the TRMM operational TMI (2A-12)

and PR (3A-25) algorithms are shown in the third and fourth panels, respectively. Only TMI

convective fraction and rain estimates from footprints located within the PR swath contribute to

the TMI convective percentages and rain depths in Fig. 8.
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TMI convectiveareapercentagesaregreatesti0 theInter-TropicalConvergenceZone (ITCZ)

and over the continental regions in the summer (southern)hemisphere. The South Pacific

ConvergenceZone,Gulf of Mexico and midlatitude stormtrack regionsof thewesternAtlantic

andwesternPacificOceansalsoexhibit significant values.

PR convectiveareapercentages(secondpanelof Fig. 8) aregenerallygreaterthan the TMI

estimates,althoughthe patternsof convectivecoveragearesimilar. At a given location, thePR

convective areapercentageis typically 0.5% greaterthan the correspondingTMI convective

percentage;seescatterplot in Fig. 9. The most noticeabledifferences occur over the winter

(northern)hemisphereoceans,wherePR convectivepercentagesoften exceed0.5%,while TMI

convective percentagesare usually less than 0.5%. One possible explanation for these

differencesis the greatersensitivity of the PR to isolatedconvectivecells over the ocean(see

Section3b). Isolatedconvectionover the oceanis sometimesnot detectedby theTMI due to the

larger footprintsof the instrumentandthe difficulty of discriminatingprecipitationpolarization

signaturesfrom thepolarizedoceanbackground.

In spiteof thefact thatTMI convectivepercentagesaretypically lessthanthosederivedfrom

thePR,TMI rain depthsin the ITCZ aregenerallygreater(third andfourth panelsof Fig. 8). In

the central Pacific, TMI rain depthsare about 50% higher than the correspondingrain depths

from thePR. On theotherhand,TMI andPR rain depthsover thecontinentalregionsandin the

extra-tropicsarevery similar in magnitude,andthe overallmonthly patternsareconsistent.The

reasonsfor thedifferencesin TMI andPRrain depthsarenot obvious: therelationshipsbetween

rain water contentandtheobservedsignaturesarevery different in thetwo instruments,and the

physical assumptionsembodiedin the respectivealgorithms are not the same. However, it

appearsthat the TMI vs. PR differencesin retrievedconvectiveareapercen!a_g.esdo not show

any clear correlationor anti-correlationwith differencesin retrievedrain depths,and therefore

the discrepanciesin TMI and PR retrieved rain depths are likely due to other sensor or

algorithmicdifferences.
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5. Concluding Remarks

Instantaneous convective area fraction estimates from the Tropical Rainfall Measuring

Mission Microwave Imager (TRMM TMI) are compared to nearly coincident estimates from the

TRMM Precipitation Radar (TRMM PR) at 0.50 resolution. TMI convective fraction estimates

are slightly low-biased with respect to the PR estimates, with correlations of 0.78 and 0.84 over

ocean and land backgrounds, respectively. TMI monthly-average convective area percentages in

the tropics and subtropics from February 1998 exhibit the greatest values along the ITCZ and in

continental regions of the summer (southern) hemisphere. Although convective area percentages

from the TMI are systematically lower than those from the PR, monthly rain patterns derived

from the TMI and PR rain algorithms are similar. TMI rain depths are significantly higher than

corresponding rain depths from the PR in the ITCZ, but are similar in magnitude elsewhere.

One of the admitted weaknesses of the current study is the lack of independent ground

validation data for evaluating remote sensing estimates of convective area coverage. The

TRMM Ground Validation program will soon produce maps of convective/stratiform rain

coverage based upon ground-based radar observations from stations at Melbourne, FL; Houston,

TX; Kwajalein, Marshall Islands, and Darwin, Australia. The authors will compare TMI and PR

estimates of convective area fraction to the classification data from these sites in a future study;

however, the classification of ground-based radar reflectivity data is based upon an analysis of

horizontal reflectivity magnitude and texture that may not always reflect the underlying

dynamical variations associated with convective/stratiform processes.

Coinciding with a limited number of satellite overpasses are dual-doppler radar observations

collected during three of the TRMM_ field campaigns: the South China Sea Monsoon

Experiment, the TRMM Large-scale Biosphere Atmosphere campaign, and the Kwajalein

Experiment. Analysis of these dual-doppler observations will yield fields of vertical air motion

that should provide a much more definitive convective/stratiform classification. Also, latent

2O



heatingvertical structure,which is strongly correlatedwith vertical air velocity in precipitating

clouds,canbeestimatedby combiningdual-dopplervertical velocitieswith thermodynamicdata

from coincident radiosondeobservations. If agreementbetweenTMI estimatesof convective

area fraction and the dynamically-consistent,dual-dopplerconvective/stratiformclassification

datacanbeachieved,thentheprospectsfor estimatinglatentheatingdistributionsfrom TMI data

aremuchimproved.
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Tables

Table 1. Statisticsof collocated,instantaneous0.5° resolutionestimatesof convectivearea

fractionfrom theTRMM Microwave Imager(TMI) andPrecipitationRadar(PR) overoceanand

landbackgrounds.

respectively.

Thesamplescontain1374and823collocatedestimatesoveroceanandland,

standarddeviation

Background bias of difference correlation

Ocean -0.02 0.06 0.78

Land -0.02 0.07 0.84

Figure Captions

Fig. 1. Polarization differences plotted versus average 85.5 GHz radiances over (a) ocean and

(b) land backgrounds. TMI observations are plotted as points (non-raining areas) and open

circles (raining areas). Diamonds represent radiative transfer simulations for atmospheres

containing oriented, aspherical liquid and ice-phase precipitation (see text for a detailed

description). Dashed lines are approximate curves representing "purely stratiform" and "purely

convective" precipitation conditions.

Fig. 2. Imagery of a mesoscale convective system near the Cape Verde Islands in the North

Atlantic on 12 September, 1999. Presented in panels (a) and (b) are the convective area fractions

within 85.5 GHz footprints based upon TMI texture and polarization information, respectively.

TMI 85.5 GHz imagery is presented in (c). PR-derived convective area fractions at a resolution

comparable to the TMI are shown in panel (d).
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Fig. 3. SameasFig. 2, but for HurricaneFloyd on 13September,1999.

Fig. 4. TMI polarizationdifferencesplottedversusaverage85.5GHz radiancesover (a)ocean

and(b) landbackgrounds.The averageconvectiveareafractionderivedfrom thePR in TMI 5 K

averageradianceand2 K polarizationdifferenceintervalsis plottedasadifferent symbol.

Dashedlinesareapproximatecurvesrepresenting"purely stratiform" and"purely convective"

precipitationconditions.

Fig. 5. TMI (left column)andPR (right column) derivedconvectiveareafractionestimatesfor

threedifferent convectivesystemsovertheocean. Light shadingindicatesconvectivefractions

between0 and0.3; moderateshadingcorrespondsto convectivefractionsbetween0.3and0.7,

anddarkshadingindicatesconvectivefractionsbetween0.7and 1.0. Unshadedareasarerain-

freeor beyondthesensorobservingarea.

Fig. 6. SameasFig. 5, but for convectivesystemsover land.

Fig. 7. Scatterplotsof coincident,instantaneousconvectiveareafractionestimatesat 0.5°

resolutionfrom the TMI andPRover (a)oceanand(b) landbackgrounds.Solid line indicating

"perfectagreement"of estimatesis includedfor reference.

Fig. 8. Monthly-meanestimatesof convectiveareapercentageat 5° resolutionfrom theTMI and

PR for February,1998. Notethat only TMI convectivefractionestimateswithin thePR swath

areincludedin themonthly average.For comparison,rain depthsderivedfrom theTMI (TRMM

2A-12 algorithm)andPR(TRMM 3A-25 algorithm)areshownin thethird andfourthpanels.
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respectively.Again, TMI monthly rain depthsarederivedonly from TMI footprintswithin the

PRswath.

Fig. 9. Scatterplotof 5°resolution, monthly-meanconvectivefractionestimatesfrom theTMI

andPRfor February,1998. Solid line indicating"perfectagreement"of estimatesis includedfor

reference.
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Fig. 1 b
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Figure 2. Texture
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Figure 3. Polarization
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Fig. 4a
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Fig. 4b
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Figure 5. Ocean cases

a. CS (TMI) Dec. 19, 1997 19
....... , ....... ,....... 1 ..... '- -, ....... t ......

i i !. !
i ! i: _,°i__i, .... 18

...... "....... :....... :'""-':" _" ...... i
• ; ° , , • , cony,

..... ..:,_.,._,:...:_, .... :._..... ;.. _::_:..: 17

..... i
i strat.

:....... i ....... ::i';_ ...... i....... i ...... ,14

,:...... : .... *- -:---: -- :::....... :....... ',...... -',113norain
134 135 136 137 138 139 140

C. CS (TMI) April 7, 1998 09:11

COrlV.

23

...... -...:--4--i---i ....... i....... ; .... 21

 i!iiiiiiiii!iiiiiiiiiiiill 0"r"
....... : ............... i ....................... 19no rain

-56 -55 -54 -53 -52 -51 -50

b. CS (PR) Dec. 19, 1997 19
....... , ..................... ,....... t ......

18
i ; i _tt,*i

...... _....... i....... _.__.,_._.!._,..,.. y.. 17

........::.-_,...:......._...:..i.......i.......15

CORV.

mixed

• %
' ' ' strat.

14

:,:....; ....... :............................... 13 no rain

134 135 136 137 138 139 140

d. CS (PR) April 7, 1998 09:11

...... ! .... :::.---::;_....................

cony.

23

22 rni.e,_

21

'¢" .......................... s,'ra,.
............... :.............................. 20

............................................ 19°° rain

-56 -55 -54 -53 -52 -51 -50

e. CS (TMI) Aug. 21, 1999 f. CS (PR) Aug. 21, 1999

.................... , .... :., ............ , ...28 28

• : :' : ! ,4 °_" ":

: o.:. • . : i 2 / ; i "'t'i"
....... '. . , : -_ %I!----_..-'_'_-'--._. ---_ ....... i....... :...t.:16

li/__'_(" _"_ _ ii _ ..... ;:____.:_.,,_, ..... _,... ; .... 26/, ""i ,': i
'6 • : q, :%.I '," ,-..i... ...i...... 24: Ii ,, : . %'. : : _._ : _¢___.'_ :

: ,' : . ,

-98 -96 -94 -92 -9020 -98 -96 -94 -92 -9020

CORV.

mixed

strat.

no rain



Figure 6. Land cases
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Fig. 7a

0.0

0.0

+

+
%

+ ++

+

+
+

+

+

-H-

+ ++

+

+
+



Fig. 7b
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Fig. 9
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